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Abstract. The extreme ultraviolet (EUV) phase-shifting point diffraction interferometer
(PS/PDI) was developed and implemented at Lawrence Berkeley National Laboratory to meet
the significant measurement challenge of characterizing EUV projection lithography optics. The
PS/PDI has been in continuous use and under ongoing development since 1996. This unique and
flexible tool is applicable to any imaging system with real conjugate points, including
Schwarschild objectives, Fresnel zone plates, and Kirkpatrick-Baez systems. Here we describe
recent improvements made to the-interferometer, and we summarize metrology results from
state-of-the-art lOx-reduction EUV Schwarschild objective.

INTRODUCTION

The quest to develop extreme ultraviolet (EUV) optics for use in next-generation
projection lithography systems providing sub-100-nm resolution has led to various
innovations in EUV wavefront metrology,1'2 including the development of the EUV
phase-shifting point diffraction interferometer (PS/PDI).3"5 Not being limited to EUV
lithographic systems, the metrology capabilities of the PS/PDI are directly applicable
to the development of high-resolution X-ray microscopy tools.

The PS/PDI is a diffraction-class interferometer,6"8 in which the illumination and
reference waves are created by diffraction from small apertures. Furthermore, a
diffraction grating is used as the beam-splitting and phase-shifting element. This
diffraction configuration allows the PS/PDI to attain high reference-wavefront
accuracy which has recently been measured to be better than AEuv/350 (0.4 A) within
a numerical aperture (NA) of 0.082.9

The PS/PDI is a flexible, system-level tool that may be applied to characterizing
any imaging system with real conjugate points. Such systems, commonplace in X-ray
microscopy, include Schwarschild objectives, Fresnel zone plates, and Kirkpatrick-
Baez optics. Another advantage of the PS/PDI is that its diffraction characteristics, in
principle, allow it to be implemented at virtually any wavelength. Here we describe
the PS/PDI as implemented to test EUV lOx-reduction Schwarschild systems.

When characterizing imaging systems, it is important to consider flare in addition
to wavefront error. Flare is the halo of light surrounding the optical system point-
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spread function (PSF) and is caused by roughness of the optical components. While
conventional wavefront errors directly lead to a loss of resolution, flare negatively
affects the image contrast. In order to enable direct measurement of flare using the
PS/PDI, the PS/PDI has recently been modified to support a greatly extended spatial-
frequency measurement range.10 This new capability also enables the PS/PDI to be
used to qualify profilometry- and scatterometry-based flare measurement techniques.11

DESCRIPTION OF THE PS/PDI

The PS/PDI is briefly described here; more complete descriptions have been
previously published.3"5 The PS/PDI is a variation of the conventional point diffraction
interferometer6'7 in which a transmission grating is added to improve the optical
throughput of the system and to add phase-shifting capability. In the PS/PDI (Fig. 1),
the optical system under test is coherently illuminated by a spherical wave generated
by diffraction from a pinhole placed in the object plane. To guarantee the quality of
the illumination, the pinhole diameter is chosen to be smaller than the resolution limit
of the optical system. A grating placed either before or after the optic is used to split
the illuminating beam, creating the requisite test and reference beams. A mask (the
PS/PDI mask in Fig. 1) is placed in the image plane of the optic to block unwanted
diffracted orders generated by the grating. The mask also serves to spatially filter the
reference beam using a second pinhole (the reference pinhole), thereby, removing the
aberrations imparted by the optical system. The test beam, which also contains the
aberrations imparted by the optical system,
is largely undisturbed by the image-plane
mask: it passes through a window that is
large relative to the diameter of the optical
system PSF. The test and reference beams
propagate to the detector where they overlap
to create an interference pattern. The O|jj_^ "̂n spiu.
recorded interferogram yields information pi*hote

 r

on the deviation of the test beam from the
nominally spherical reference beam. FIGU™ L Schema'ic of the p,hp
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J r point diffraction interferometer (PS/PDI).

CHARACTERIZING ACCURACY

Significant effort has been directed toward characterizing the accuracy of the
PS/PDI.9 The two primary sources of measurement error limiting its accuracy are
reference-wave imperfections and systematic effects that arise from the geometry of
the system. Noting that the systematic geometric effects can be removed, provided
they can be measured, the accuracy of the PS/PDI is typically limited by the reference-
pinhole-induced errors.

In order to characterize the errors described above, and hence calibrate the PS/PDI,
null tests have been performed. Analogous to Young's two-slit experiment, the null
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test is implemented by replacing the image-
plane window with a pinhole. In this test,
two reference waves are generated by
diffraction from the image-plane mask,
creating a null-test interferogram (Fig. 2).
Aberrations calculated from the null-test
interferogram quantify the systematic and
random errors in the interferometer.

Implementation of this test shows that the
primary error results from the hyperbolic
fringe pattern produced by the two, laterally
displaced, nominally spherical waves.
Because this error is easily measured and
subtracted during analysis,5 we consider the
reference-wavefront-limited accuracy to be
the residual error after its removal. Table 1
enumerates the measured accuracy as a
function of pinhole size over a NA of 0.082.
The image-side NA of the optic used for this
test was 0.08. As expected, the reference-
wavefront accuracy improves with a
reduction in pinhole size, and a resultant
improvement in spatial filtering.

The measurements described here were performed using an undulator beamline12 at
the Advanced Light Source synchrotron radiation facility at Lawrence Berkeley
National Laboratory. The beamline provides a tunable source of EUV radiation with a
coherence area that is significantly larger than the 0.75-|Lim diameter object pinhole.

FIGURE 2. Null-test interferogram using
100-nm pinholes (A, = 13.5 nm).

TABLE 1. Reference wave rms accuracy
as a function of null-mask pinhole size.

Pinhole
Size (nm)

140
120
100
80

Systematic-error-limited rms
Accuracy (waves)

0.012 + 0.001 (X/83)
0.010 ±0.001 a/100)

0.0041 ±0.0003 (A/244)
0.0028 ± 0.000 HA/357)

CHARACTERIZING AND ALIGNING EUV OBJECTIVES

During the past year, three newly fabricated lOx-reduction EUV Schwarzschild
objectives have been characterized with the EUV PS/PDI. Furthermore, two of the
objectives underwent at-wavelength alignment, significantly improving the system
wavefronts.13 All three cameras were fabricated to the same optical design
specifications and were built within the past two years. The optics have an image-side
NA of 0.088 and utilize molybdenum/silicon multilayer coatings designed for peak
reflectivity at 13.4 nm wavelength.

Figure 3 shows the PS/PDI measured wavefronts along with the rms (a) and peak-
to-valley (PV) wavefront error magnitudes within the full 0.088 NA. EUV alignment
was performed on objectives B2 and A. These results demonstrate that the PS/PDI is
well suited to characterizing and, more importantly, optimizing short-wavelength
high-resolution optical systems.
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a = 0.046 waves
(0.62 nm)

PV= 0.27 waves
(3.6 nm)

a = 0.045 waves
(0.60 nm)

PV= 0.34 waves
(4.6 nm)

a = 0.074 waves
(0.99 nm)

PV= 0.52 waves
(7.0 nm)

FIGURE 3. PS/PDI-measured
wavefronts of three recently
fabricated 1 Ox-reduction EUV
(X=13.4 nm) Schwarzschild
objectives with an image side
NA of 0.088. The wavefront
statistics are based on 37-term
Zernike polynomial fitting. The
displayed wavefronts, however,
include higher spatial-
frequency features.

MEASURING FLARE

The original design of the PS/PDI was directed towards high-accuracy wavefront
characterization. For lithographic printing, however, it is equally important to consider
flare. The capabilities of the PS/PDI have recently been extended, allowing it to
measure both wavefront and flare simultaneously.1 Flare may be characterized by
recording an extended-field image of the PSF. Noting that the PS/PDI can be viewed
as producing an off-axis Fourier-transform hologram of the PSF, it is well suited to
measuring flare. From this point of view it is evident that the area over which the flare
can be measured in the image plane is simply the area of the test window through
which the PSF is effectively viewed. Using elongated windows it is possible to
characterize the flare over significant distances in the image plane.10

The PS/PDI-based flare measurement technique has been demonstrated10 using the
Bl EUV objective described above. This optical system developed to meet a flare
specification of less than 5% in a 4-jam line. The measurements were performed using
30x3-jLim test windows. The narrow window size in the direction of the beam
separation is necessary to meet the beam isolation requirements imposed by off-axis
holography.14

Figure 4 shows a logarithmically scaled image of the holographically reconstructed
image of the PSF with flare. The image contains the customary twin images and
intermodulation image.14 Because the reconstructed image is as viewed through the
image-plane window, we simultaneously get an image of the window itself. The bars
seen in Fig. 4 are support features added to the window to prevent the thin, open-
stenciled membrane from rupturing. The small (0.3-jLim wide) protrusions in the center
window portion are alignment aids. We note that the resolution in the reconstruction is
determined by the reference pinhole size, which in this case is approximately 100 nm.

From the measured PSF, the normalized scatter-energy density as a function of
radial distance from the PSF peak can be found (Fig. 5). The imperfect Airy lobes are
caused by aberrations in the optic (figure error). To predict the flare in a typical
imaging situation, the scatter-energy density must be known over the full radial extent
of the field. For the optics considered here the field size is 250-jim radius in the image
plane. The extended-range data can be obtained by extrapolation of the PS/PDI data or
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by use of data derived from profilometry performed on the individual substrates.11 In
order to avoid possible extrapolation errors, we choose the latter. The plot in Fig. 5
shows an overlay of the scatter-energy density predicted from profilometry and the
PS/PDI measurement. The two measurement methods overlap in the radial range from
1 to 16 jim where good agreement is evident. Considering an isolated, dark 4-jnm line
in a 250-jiim-radius bright field, the flare is calculated to be (3.9+0.1)%. The flare
value predicted by profilometry alone is (4.0±0.1)%.n

FIGURE 4. Holographically reconstructed
point-spread function with flare. Image has
been logarithmically scaled for display.

103

101

* 10-1.
(/>

1 io-3.
>»
o>
o 10'5.
LU

io-7.

m-9

~A
\

F T r i

\\^

profilometry

— interferometric
data

X
V.

10~3 10'2 10~1 10° 101 102 103

Radius (p,m)

FIGURE 5. Comparison of the scatter-energy
density as a function of radial separation from
the PSF peak determined by the PS/PDI- and
profilometry-based methods respectively.

CONCLUSION

A high accuracy PS/PDI, capable of characterizing both wavefront and flare, has
been developed. This versatile diffractive interferometer may be implemented at
virtually any wavelength to test a wide range of imaging systems characterized by real
conjugate points. As implemented to test lOx Schwarschild objectives, the PS/PDI has
been demonstrated to have a reference wavefront accuracy of better than X/350
(0.4 nm) and has been used to align several lithographic-quality systems. A second
implementation of the PS/PDI is currently being developed to test high-resolution
Fresnel zone plates to be used in soft X-ray microscopy applications.
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